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ELECTRICAL /CHEMICAL THRUSTER

USING THE SAME MONOPROPELLANT
AND METHOD

CROSS -REFERENCE TO RELATED
APPLICATIONS

The provision of such a dualmode propulsion system that
enables missions not achievable by chemical or electric

propulsion alone , or by separate chemical and electric pro
pulsion ;
The provision of such a dualmode propulsion system that
allows many different types ofmaneuvers of the spacecraft

that are not achievable with a single mode propulsion
This is application claims priority to U .S . Provisional system
;
of such a dualmode propulsion system that
Application No. 62 /273,613 , filed on Dec. 31, 2015 , which 10 usesThea provision
non
toxic
,
green ionic liquid propellant with proper
is herein incorporated by reference in its entirety.
ties similar to AF-M315E in the chemical mode of operation
and similar properties to the ionic liquid [Emim ][ Tf2N ] in
BACKGROUND
the electric mode of operation ;
The provision of such a dual mode propulsion system
This disclosure relates to a multi -mode or dual mode 15 wherein
each thruster comprises a plurality ofmicrothrusters
electrical/chemical thruster for use in a propulsion system or emitters
;
for a spacecraft where the thruster uses the same liquid
The
provision
of such a dual mode propulsion system
monopropellant for operation in both modes. A propulsion wherein thruster size
( or output) can be adjusted by simply
system of this disclosure uses one or more of the above- said
adding or subtracting emitters (or microthrusters ) in the
thrusters , which may be operated in either an electro -spray 20 thruster design :

mode to achieve high specific impulse or in a chemicalmode
to achieve high thrust.

The provision of such a dualmode propulsion system that

provides significant flexibility in design thrust level while
Most spacecraft propulsion concepts can be classified into keeping the same spacecraft interface ;
two categories: chemical or electrical. Chemical propulsion
The provision of such a dual mode propulsion system that
relies on chemical reactions and can produce high thrust, but 25 scales from pico - to micro -satellites;
requires a relatively large amount of fuel. Electric propulThe provision of such a dual mode propulsion system that

sion uses electromagnetic fields to accelerate ionized gases
and droplets . As compared to chemical propulsion , electric

may be utilized for attitude control, orbit raising (orbit
change ) maneuvers ,or for trajectory changes of a spacecraft;
or electrospray propulsion is very fuel efficient and produces
The provision of such a dualmode propulsion system that
high specific impulse . but produces smaller amounts of 30 utilizes propellants that are capable of both chemical mono

and electric electrospray propulsion ;
thrust and thus requires long trip times . The propulsion propellant
The
provision
of such a dualmode propulsion system that
system of the present disclosure relates to a thruster capable
of switching between chemical mode and electric mode achieves rapid thermal and catalytic decomposition wherein
carbon forms are substantially absent from the exhaust
while utilizing the same propellant. Multiples of these 35 solid
gas
after
chemical decomposition .
thrusters may be combined to form a reaction control system
In
accord
with the present disclosure, an electrical/chemi
or a propulsion system for a spacecraft. For propulsion

cal thruster for a spacecraft is described that is operable in
a chemical mode and in an electrospray mode and that
mass is of utmost importance . The multi-mode propulsion utili
utilizes a liquid monopropellant for operation in both of the
system of the present disclosure makes use of shared pro - 40 modes. the thruster having a plurality of microthrusters .

applications in small satellites ,minimum propulsion system

pellant and shared hardware for operation in both the
chemical and electric electrospray propulsive modes thus
minimizing the mass of the propulsion system .

Ionic liquid multimode or dual mode propulsion systems

Each microthruster comprises a microtube having a bore
therethrough and having an inlet end and an outlet end with

the inlet ends of the microtubes being in communication
with a supply of the monopropellant. Each microtube is of

are known , such as disclosed in WO 2010 /036291 , that 45 a catalytic metal that is capable of being heated to a preheat
employ an ionic liquid monopropellant, but require separate temperature sufficient to substantially decompose the mono
electrospray thrusters and chemical thrusters. The electro
propellant as the monopropellant flows therethrough at a

spray thrusters of such prior art systems are used for high
specific impulse applications and the chemical thrusters are

used for high thrust applications .

SUMMARY

first flowrate so as to generate relatively high thrust when
operated in the chemical mode as compared to when oper

50 ated in the electrospray mode . The thruster further includes

an extractor proximate the outlet ends of the microtubes,

whereby when the thruster is operated in its electrospray

mode the extractor is energized with an electric field so as

Among the several objects and features of this disclosure the monopropellant flows through the microtubes at a sec
may be noted the provision of a multimode (e.g ., a dual 55 ond flowrate substantially less than the first flowrate . Ions
mode ) propulsion system having one ormore thrusters, each and charged droplets discharged from the microtubes are
of which thrusters may be switched between an electrospray
accelerated so as to yield a relatively high specific impulse
mode and a chemical mode and which utilize the same as compared to operation of the microtube when operated in

monopropellant when operated in both modes;
its chemical mode.
The provision of such a dual mode propulsion system in 60 Further accord with the present disclosure , an electrical/
which the thrusters have a single propellant supply system
chemical propulsion system for a spacecraft is described that
has one or more thrusters operable in a chemicalmode or in
thus minimizing the mass of the propulsion system ;

The provision of such a dualmode propulsion system that

provides enhanced mission flexibility for small satellites and

spacecraft;

The provision of such a dual mode propulsion system that

allows for significant mission changes on -orbit ;

an electrospray mode that utilizes a liquid monopropellant
for operation in both of the modes . Each thruster has a

65 plurality of microthrusters . Each microthruster comprises a

microtube having a bore therethrough and having an inlet
end and an outlet end with the inlet end being in commu
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nication with a supply of the monopropellant. The microtube

FIG . 4 is a side elevational view of a dual mode thruster

is of a catalytic metal that is capable of being heated to a
preheat temperature sufficient to substantially decompose
the monopropellant in the microtube as the monopropellant

of the present disclosure used in the propulsion system of
FIG . 1 , where the thruster comprises a plurality of micro
thrusters or emitters , such as shown in FIGS. 2 and 3 ;

flows therethrough at a first flowrate so as to generate 5
FIG . 5 is a cross - sectional view of the thruster shown in
relatively high thrust when operated in its chemicalmode as
FIG . 4 taken along line 5 - 5 of FIG . 4 illustrating a cluster of

compared to when operated in its electrospray mode . The

microthrusters having a supply of a suitable monopropellant

propulsion system further includes an extractor downstream

delivered to a propellant manifold that, in turn , supplies

of the outlet end of themicrotube , which extractor, when the

propellant to the inlet ends of the microthrusters or micro

thruster is operated in its electrospray mode, is energized 10 tubes at such flow rates that the microtubes can be operated
with an electric field such that as the monopropellant flows
in either their chemical or electrospray modes of operation ;

through the microtube at a second flowrate substantially less

FIG . 6 is an isometric view of the thruster shown in FIGS.

than the first flowrate . Ions and droplets discharged from the

4 and 5 on a somewhat smaller scale with parts broken away

microtube are accelerated so as to yield a relatively high

or removed illustrating a housing surrounding the cluster of

specific impulse as compared to operation of the microtube 15 microthrusters, where the cluster of microthrusters is shown

when operated in its chemical mode .

in cross section and illustrates one row of microthrusters

This disclosure further includes an electrical/chemical

included in the cluster of microthrusters; and

spacecraft propulsion method that utilizes a liquid mono -

FIG . 7 illustrates graphs of propellant flowrates through a

propellant comprising one or more fuels and an oxidizer for

thruster of the present disclosure vs . preheat temperature to

operation in either an electrospray mode or a chemical 20 define a “ startbox ” for the thruster.
Corresponding reference characters represent correspond
monopropellant from a plurality of capillary emitters in an ing parts of the present disclosure throughout the several
electric field for generating a relatively high specific impulse
views of the drawings .
as compared when operated in its chemical mode, or pre
DETAILED DESCRIPTION
heating the capillary emitters and chemically reacting the 25
monopropellant in the capillary emitters as the monopropel
lant flows therethrough for generating relatively high thrust
Referring now to the drawings, and more particularly to
as compared when operated in its electrospray mode.
FIGS. 1- 3, a monopropellant, dual mode (e. g., chemical/
Other objects and features of the present disclosure will
electrical) propulsion system of the present disclosure is
be in part apparent to those skilled in the art and will be in 30 indicated at 1. This propulsion system has a propellant tank
3 containing a supply of a suitable monopropellant 5 , as will
part particularly pointed out hereinafter .
be described below . The propellant 5 in tank 3 is pressurized
with an inert gas, such as nitrogen , contained in a gas tank
DRAWINGS
7 and supplied from a source or tank 9 . Those skilled in the
FIG . 1 is schematic of a propulsion system in accord with 35 art will recognize that tank 9 is used to supply the pressurant
the present disclosure in which a plurality of dual mode
gas to tank 7 prior to launch of a spacecraft and would not
thrusters , each of which thrusters is comprised of a plurality be necessary for a flight propulsion system . A flexible
of microthrusters , where such microthrusters are supplied
bladder 11 is provided within propellant tank 3 to separate
with a liquid monopropellant, and where each of the micro
the pressurization gas within the tank from the liquid pro
thrusters is capable of being switched between an electro - 40 pellant so that the propellant may be reliably dispensed from

mode. The method comprises the steps of spraying the

spray and a chemical mode so as to generate either a high
specific impulse with a lower flow rate of propellant when
operated in the electrospray mode or so as to generate a

tank 3 under pressure in the weightlessness of space. While
not shown in the drawings, those skilled in the art will
understand that tank 3 may be in the form of a cylinder with

higher thrust using a higher propellant flow rate when

a piston disposed in the tank to contain the liquid propellant

operated in the chemical mode , where the same monopro - 45 with the pressurization gas pressure acting on the piston to
pellant is used in both modes ;
dispense the liquid propellant from the tank in a weightless

FIG . 1A is a schematic of another propulsion system

environment.

utilizing a dual mode thruster, such as shown in FIG . 1 ,
where the flow of propellant to the thruster is controlled or
modulated by a piezo actuated control valve;

As shown in FIG . 1, propellant 5 from tank 3 is supplied
under pressure to one or more dualmode thrusters 13 of the
50 present disclosure . Each of the thrusters 13 is controlled by

FIG . 2 is a schematic representation of a dual mode
microthruster or emitter of the present disclosure , such as
may be used in the propulsion system of FIG . 1, in which the
microthruster is a catalytic emitter or microtube into which

a thruster solenoid valve 15 such that upon opening the valve
and upon energizing the thruster (as will be hereinafter
described ), the thruster will operate in either its chemical or
electrospray mode of operation . It will be understood that

a relatively high flow rate of propellant is delivered , where 55 the thrusters 13 may be controlled by an attitude control

a power processing unit (PPU ) is connected across the

microtube such that the tube may be heated to a preheat

system or an orbital maneuvering system of a spacecraft to

maintain or achieve a desired attitude or maneuver of the

temperature sufficient for the microtube to be operated in a

spacecraft in a manner well understood by those skilled in

chemical mode so as to generate relatively high thrust;

the art and thus will not be described herein . The propulsion

2 in which a much lower flow rate of propellant is delivered
to the microthruster and in which the PPU energizes an
extractor grid with an electric field such that the thrustermay
be operated in an electrospray mode to generate a relatively
high specific impulse while having an appreciably lower 65

valves and other components that will be understood by one
detail herein . The components comprising propulsion sys
tem 1 are exemplary and those skilled in the art will
recognize that other components and arrangements for the

FIG . 3 is another view of themicrothruster shown in FIG . 60 system 1 further includes various solenoid valves , check

flow rate of propellant therethrough than when operated in

the chemical mode ;

of ordinary skill in the art, but that need not be described in

propulsion system can be utilized in accord with the present
disclosure . As will be further understood by those skilled in
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the art , the thrusters 13 may be arranged on a spacecraft or

The multi-mode chemical-electric microthruster propul

satellite so as to provide attitude control of the spacecraft in

sion system of the present disclosure uses a suitable liquid

pitch , yaw and /or roll , and /or to effect orbital maneuvering
of a satellite or to effect trajectory changes of a spacecraft.

monopropellant, such as an energetic ionic liquid propellant.
A preferred monopropellant is a mixture of ionic liquids ,

As further shown in FIG . 1 , each of the thrusters 13 is 5 such as 1-ethyl-3 -methylimidazolium ethyl sulfate ([Emim ]
comprised of a plurality, ormore accurately a multiplicity, of [EtS04 ]) fuel mixed with hydroxylammonium nitrate
microthrusters or emitters 17 of the present disclosure . Even (HAN ) oxidizer. This is a non -toxic ' green 'monopropellant
properties similar to AF -M315E and LMP- 103S .
more specifically , 1000s or even 10,000 or more of the withThose
skilled in the propulsion art will recognize that
microthrusters 17 may be incorporated in a thruster 13 , as 10 there are many
other such liquid monopropellants , some of
will be described below and as shown in FIGS. 4 and 5 . As which will be described
below , that may be used with the
used in this disclosure , the term “ plurality ” has its ordinary
microthrusters
17
of
the
present disclosure such that the
meaning of " greater than one” or “ two or more” , but it also microthrusters may be switched
between a chemical and
means “ a large number ” .
electric propulsion mode. Such other monopropellants,
As shown in FIGS . 2 and 3, each microthruster
rothruster 171! may
may be
pe 1515 include, but are not be limited to : 1-ethyl-3 -methylimidazo
switched between a chemical mode and an electric mode, lium ethyl sulfate ([Emim ][EtS04 ]), 1-butyl- 3 -methylimi
depending on the satellite or spacecraft maneuver to be dazolium nitrate ([Bmim ][NO3]), Hydroxyethylhy
executed utilizing the samemonopropellant for both modes . drazinium nitrate (HEHN ), or similar derivatives of these
Each microthruster 17 comprises a microtube 19 of a ionic liquids, for example , l- ethyl-3 -methylimidazolium
suitable catalytic metal that is electrically connected to the 20 nitrate ( Emim ][NO3 ]) . Usable oxidizers include , but are not
power processing unit PPU such that the microthruster may
be switched between a chemical mode ( as shown in FIG . 2 )

and an electrospray mode (as shown in FIG . 3). The power
processing unit PPU must provide a sufficiently high voltage

limited to : Hydroxylammonium nitrate (HAN ), ammonium
dinitramide (ADN ), Ammonium nitrate ( AN ) , Hydrazinium

nitroformate (HNF ). One or more stabilizers that are not
strictly ionic liquids or ionic compounds, such as 5 - amino

( e .g ., about 3400 V , plus or minus 50 % depending on the 25 tetrazole may be used in conjunction with these monopro
propellant electrochemical properties and extractor and pellants.
emitter dimensions) capable of energizing an extractor 21, as
Other characteristics or properties of preferred monopro

shown in FIG . 3, so that the thruster 13 will operate in its

pellants thatmay be used in conjunction with the dualmode

electrospray mode. In addition , the PPU must provide suf-

thrusters of the present disclosure include propellants that

ficient power so as to electrically resistance heat microtube 30 preferably have the following characteristics:
19 to a desired preheat temperature , as described below ,

when the thruster is operated in its chemicalmode. It will be
understood that the electrical power system of a spacecraft

or satellite may be the source of power for the PPU .
Each microtube 19 has an inlet end 19a and an outlet end 35
19b . A suitable monopropellant is supplied under pressure
from a source, such as from tank 3, to the inlet end 19a of
the microtube so that the propellant will flow through the

microtube at a desired flow rate , which will vary depending
on whether the microthruster is to be operated in its chemical 40
mode or electrical (e . g ., an electrospray ) mode. Each micro
tube 19 preferably has a very small internal diameter of

about 100 um (micro -meters ), plus or minus about 50 um ,
and has a length of about 30 mm , plus or minus about 10
mm . It is believed that internal diameter of themicrotube 19 45

of such a microthruster 17 could be scaled from the micron
scale to about 1 mm , but the preferred scaling is in the
above- stated range . Microtube 19 is preferably made of a
suitable catalytic metal, such as platinum , rhenium , rho

Be an ionic liquid or mixture of ionic liquids and other
components that has negligible vapor pressure, mean
ing the liquid or any component in the mixture does not
boil when exposed to vacuum at a sufficient rate to
affect the electrospray beam or feed rate stability

adversely. The preferred propellant, [Emim ][EtS04)
HAN , includes only those two ionic liquids and does
not boil when exposed to high vacuum .

Have an oxidizer -to -fuel ratio sufficient to convert all
solid carbon forms to CO or CO , in the exhaust. The

preferred propellant is 59 % oxidizer and 41% fuel by
mass , where [Emim ][EtSO4] is the fuel and HAN is the
oxidizer. The reverse, 41 % oxidizer and 59 % fuel by

mass , is sufficient by this criteria , but the higher oxi
dizer content was selected to provide higher chemical

performance .
All components of the mixture should be chemically

compatible and miscible in each other
In addition to the above characteristics , a preferred mono

dium , or iridium , so that when the microthruster is preheated 50 propellant that may be used with the dual mode microthrust

and operated in its chemical mode the monopropellant will
chemically react within microtube 19 and the combustion
products will be discharged from the outlet end 19b of the
microtube to provide relatively high thrust, as compared to
when the microthruster is operated in its electrospray mode . 55

To achieve chemical decomposition of the propellant, the

microtube is electrically resistance heated (or otherwise

heated ) by the PPU to a preferred preheat temperature of
about 300° C ., plus or minus about 50° C ., and a first
propellant flow rate is established through the microtube 60

sufficient to convert substantially all solid carbon forms to

ers of the present disclosure preferably should have certain
additional properties that include :
High electrical conductivity and surface tension . The

higher each of these properties are the better for the

system overall because it reduces electrospray power
requirements .

Have a theoretical chemical mode vacuum specific

impulse of at least 250 seconds .
Have high density, preferably at least about 1 .4 g /cc , or
more .

When operated in its chemical mode, each microthruster

either carbon monoxide (CO ) or to carbon dioxide (CO2).

17 is supplied with a relatively high flow rate ( e .g ., ranging

Those skilled in the art will appreciate that the temperature

between about 5 - 40 uL /second /microtube) of monopropel

to which the microtube is preheated could be much higher or

lant 5 , which is supplied under pressure of the pressurized

somewhat lower depending on the specific propellant 65 inert gas supplied from tank 7 that acts against the bladder
choice , catalystmaterial, and desired flow rate , but the above

is presently preferred .

11 in fuel tank 3 and that supplies propellant to the inlet ends

19a of microtubes 19 of each of the microthrusters 17 of
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each thruster 13 at a mass flow rate of about 20 uL /second
microtube (plus or minus 10 uL / second). The PPU is oper
ated to electrically resistance heat the microtubes 19 to the
above-described preheat temperature so as to result in

Those skilled in the art will also recognize still other ways
to modulate or change the flow rate of the monopropellant
to the microthrusters 17 when operated in either their
chemical or electrospray modes would be to use a piezo

chemical decomposition ( combustion ) of the monopropel- 5 actuated valve or other valve that has a variable and con

lant as the monopropellant flows through the microtubes .

trollable orifice diameter.

having an internal diameter of about 100 um (micro meters )

architecture 1' is shown in which a suitable monopropellant

will generate a thrust of about 50 uN (micro Newtons ), plus

from tank 3 ' is supplied to a solenoid valve 15 ' and a piezo

When operated in its chemical mode , a microthruster 14

Referring now to FIG . 1A , another propulsion system

or minus about 40 % depending on the propellant flow rate 10 control valve PV01 that are arranged in parallel to supply

through the microthruster, and have a specific impulse Isp of
about 180 seconds , plus or minus about 40 % , depending on
the propellant exhaust species and temperature . However,
those skilled in the art that the thrust is related to the flowrate

propellant to a thruster 13 . Valve 15 ' may be actuated to
initiate the flow ofmonopropellant through the thruster 13 '
at a relatively high flowrate so as to operate in the chemical
mode . Alternatively , piezo control valve PV01 may be

of the propellant and thus varies with the flowrate through 15 actuated to initiate the flow of monopropellant through the

the microthruster .
Further in accord with the present disclosure, as shown in

thruster 13 ' at a lower flowrate so as to operate in the
electrospray mode . Such piezo control valves are commer

FIG . 3 , each of the microthrusters 17 of thruster 13 may also

cially available from Morotta Controls, Inc. at: http ://ma

be operated in an electric ( electrospray ) mode to provide a

high specific impulse while using appreciably less fuel than 20

rotta . com /piezo -actuated -valves/.

The system of FIG . 1A can be operated in a blowdown

when operated in its chemical mode. When the microthrusters 17 of a thruster 13 are operated in their electrospray

mode such that the propellant tank pressure continuously
decreases as propellant is expelled . The adjustment to keep

mode, the flow rate of the propellant supplied to the inlet 19a

flow rates within acceptable tolerances in the electrospray

(plus or minus 0 . 9 pL /second /microtube ) and the PPU is

operation is then accomplished by opening a solenoid valve

of each microtube 19 is reduced to about 1 PL (pico mode is then made by the piezo control valve PV01 as feed
liter — 1 / 1 ,000 ,000 ,000 , 000th of a liter )/second /microtube 25 pressure is lowered . High flow for the chemical mode

switched to energize the microtube 19 to be an emitter and

15' which is in parallel with the piezo valve PVC . It is not

to generate an electric field via an extractor 21 surrounding
the spray of ions and droplets discharged or ejected from the

known at this time if a single piezo valve could be used in
place of the parallel configuration of valve 15 ' and the piezo

outlet end 19b microtube 19 such that the microthrusters will 30 valve PV01 for achieving both high flow for chemical mode
generate a relatively high specific impulse Isp of about 800

and low for electrospray mode, though this would represent

seconds , as compared to operation of the microthruster in its
a preferred propulsion system architecture with the mini
mum components and minimum mass . Those skilled in the
chemical mode.
As further shown in FIG . 1 , the flow rate of monopro art will also appreciate that the feed system architecture
pellant can be selectively controlled for operating thrusters 35 shown in FIGS. 1 and 1A are simplified to the point where
13 in either their chemical or electrospray modes by switch - they are used only to illustrate deviances from “traditional

ing a three -way solenoid valve SV1 so as to initiate the flow
of the pressurant gas from tank 7 into propellant tank 3
through a low resistance orifice 01 to supply monopropel-

spacecraft liquid propulsion systems required to accommo
date both modes of the thruster. For example, flight systems
will include other well-known components, such as filters,

lant at a relatively high flowrate to the microthrusters 17 so 40 isolation / latch valves , service valves, pressure transducers ,

that the microthrusters 17 will operate in their chemical

and other diagnostic, redundant, or risk -reducing compo

mode. Alternatively , valve SV1 may be operated so as to
initiate the flow of the pressurant gas through a high resis -

nents , that are standard and known practices in spacecraft
propulsion systems.

tance orifice O2 to supply monopropellant at a relatively low

Referring to FIGS. 4 -6 , thruster 13 is shown to have a

mode. Of course, the valve SV1 has a third position that

plurality , and more preferably , a multiplicity of ( e . g ., 1000s

flow rate for operation of the microthruster in its electric 45 cluster 25 of microthrusters 17 , where cluster 25 has a

blocks the flow of pressurant gas into propellant tank 3 to

thus stop the flow of the monopropellant. As shown in FIG .

1 , orifices 01 and O2 are on the gas side of the propellant

or even 10 , 000 or more )microthrusters 17 . As best shown in

FIG . 5 , thruster 13 has a base 27 which may be mounted to

a spacecraft such that the thrust of the thruster, acting along

tank 3 so that they regulate the flow of the pressurant gas into 50 its thrust axis TA , may be reacted into the structure of the

the propellant tank . Those skilled in the art will recognize
that, in order to switch from chemicalmode to electric mode ,
pressure on the pressurant gas side of the propellant tank 3
may have to be released through a bypass valve SV2 so as
to clear the manifold of unburnt propellant and to better 55

facilitate the shutdown of thruster 13 before or after a

chemical mode burn . This may be required if the hydraulic

spacecraft such that upon actuating the thruster, the space
craft will perform a desired maneuver. Structural links or the
like (not shown ) couple thruster 13 to base 27 and to the
spacecraft and may be utilized to align the thrust axis with
a desired line of thrust for the thruster. Propellant for thruster

13 is supplied from a source, e.g., from propellant tank 3 as

shown in FIG . 1, by means of propellant inlet or line 29 and

impedance is low enough for low pressure propellant to leak

the flow of propellant to a thruster 13 is controlled by a

from the manifold into the microtubes . However, this will

respective solenoid valve 15 , as shown in FIG . 1 . A propel

result in a loss of pressurant gas between thruster burns. In 60 lant manifold , as indicated at 31, is supplied with and is

a more preferred , and closer to traditional variation (not
illustrated ), the solenoid valve SV1 and the orifices 01, 02

preferably substantially filled with liquid monopropellant
from line 29 . The manifold has a manifold chamber 33

may be on the liquid side of the propulsion system 1 (i.e.,

therein that is normally filled with liquid propellant during

tank and propellant tank so that the tank pressure and thus

ends 19a of all of the microthrusters 17 in cluster 25 and to

flow can be precisely controlled for the electrospray mode .

insure an acceptably uniform flowrate ofmonopropellant to

downstream from propellant tank 3 ). This architecture , thruster operation . Baffles 35 are provided in manifold
however, will require a control valve between the pressurant 65 chamber 33 to uniformly distribute propellant to the inlet
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all of the microthrusters. It will be further appreciated by
those skilled in the art that in event some portion of the

temperature sufficient to result in chemical decomposition of
the monopropellant to gaseous products as the propellant

multiplicity of microthrusters 17 is not supplied properly
with monopropellant to operate in their chemical or elec

flows through themicrotubes of the cluster. Alternatively, a
catalyst heater (not shown ) could wrap around the housing

trospray mode or if some portion of the microthrusters in 5 55 , as is typical of conventional monopropellant chemical

cluster fail to operate , because there are so many of such
microthrusters in cluster 25 , the overall performance of

thrusters . A radiation 57 shield preferably surrounds the
thruster to protect components of the spacecraft from over

thruster 13 will not be substantially adversely affected , thus heating caused by the high temperature operation of the
increasing the reliability of thruster 13.
thruster in the chemical mode.
The proximate or inlet ends 19a of microtubes 19 of 10 As shown in FIG . 6 , a housing 55 surrounds and encloses

cluster 25 are sealably secured to a ring 37 preferably made

cluster 25 . As shown, housing 55 is shown to be of hexago

of platinum or other suitable material that can be reliably
welded , soldered , or otherwise sealably bonded to the proxi mal or inlet ends of microtubes 19 and to seal the gaps
between the microtubes without blocking the bores of the 15

nal cross section . As further illustrated in FIG . 6 , one row 57
of microthrusters 17 within cluster 25 is shown. It will be
appreciated that many of such rows may be incorporated in
the cluster and the cluster need not be of a hexagonal cross

microtubes . The ring 37 is sealably secured to manifold 31

section . As shown in FIGS . 5 and 6 , radiation shield 59

by means of O -ring seals 39 or the like so as to seal

surrounds housing 55 and the microthruster cluster 25 so as

propellant chamber 33 in manifold 31 relative to the proxi-

to absorb at least some of the radiative heat given off from

mal end of cluster 25 . In addition , the inlet ends of the

cluster 25 when the microthrusters 17 are operated in their

microtubes are sealed relative to one another. Those skilled 20 chemical mode to protect other components that otherwise
in the art will recognize that there are other processes , such
would have been exposed to such radiative heat. While this

as sintering, diffusion bonding, or 3D printing techniques

shield 59 may extend the allowable operating time of the

that may be employed to seal the proximal ends of the thruster in its chemicalmode ,depending on the design ofthe
spacecraft and the components in proximity to the thruster ,
microthrusters to one another and to ring 37 .
A heat sink 41 surrounds the proximal or lower portion of 25 it may not be necessary.
cluster 25 . The heat sink is in heat transfer relation with a
As noted , a preferred monopropellant is [Emim ][EtS04]
housing 55 (as shown in FIG . 6 ) that fills the space between

HAN that may be electrosprayed from the microtube 19 in

the housing in the heat sink to prevent the propellant in the

a manner that it produces a stable electrospray emission in

microthrusters from prematurely decomposing in the mani- both cation and anion extraction modes at a nominal or
fold and thus generating gas at higher rate than the thruster 30 preferred extraction voltage of about 3400 V applied to
structure allows. Emitter bias rods 43 extend upwardly from

extractor 21 or 47 . Near field measurements of current and

heat sink 41 ( as shown in FIG . 5 ) on the outside of

mass flow rate distribution have been measured at flow rates

microthruster cluster 25 to support an emitter guide plate 45

from 0 . 19 uL / s to 3 . 06 uL / s . Total emission current was

and an extractor grid 47 proximate the outlet or distal ends
19b of microthrusters 17 . It will be understood that guide
plate 45 and grid 47 have a multiplicity of small diameter

35 uA for cation emission and from about 552 uA to about 2012

the bore of a respective microthruster 17 so that gases or

412 seconds, respectively , with a beam power of 2 .22 u W . At

droplets expelled from each microthruster, whether operated

a flow rate of about 3 . 06 uL /s , the thrust F was determined

discharged without undesirable interference from the guide
plate or the grid . At the distal ends of bias rods 43 , an
electrical insulative washer and nut assembly 49 secure the

determined to be about 204 seconds with a beam power of
8 . 85 uW , where -beam power is the power consumed by the
thruster, less parasitic losses in the wiring between the power

distal ends of the bias rods to an insulative ceramic insert 51

supply and the thruster. Extrapolation of the current and

and 6 , there are preferably two of such bias rods 43 . As
indicated at 44 in FIG . 5 , proximate the outlet ends 19b of

about 1000 seconds is achievable through optimized feed
system and emitter design .

each of the microthrusters 17 in cluster 25 , the microtubes
taper inwardly taper toward the bores of the microtubes so

For successful operation of the thruster 13 in the chemical
mode , the propellant flow rate and microtube preheat tem

holes therethrough , each of which is in axial alignment with

determined to be in the range of about 754 uA to about 3195
uA for anion emission . The thrust and specific impulse at
0 .19 uL / s flow rate were measured to be about 1 .08 uN and

in its electrospray or chemical mode , can be effectively 40 to be about 8 .71 UN and the specific impulse Isp was

that forms a part of extractor grid 47 . As shown in FIGS. 4 45 mass flow rate data shows that specific impulse in excess of

as to help keep liquid from pooling between emitters or 50 perature must be considered . A flow rate that is too high

microtubes 19 , but may not be necessary depending on the
tube OD to ID ratio or could also be accomplished by

relative to the microtube preheat temperature will not result
in ignition of the monopropellant. Conversely, a flow rate

spacing the tubes such that each tube does not contact

that is too low will result in a decomposition reaction that

could propagate back into the unheated liquid and poten
another tube at the outlet.
Extractor bias rods 53 are provided to electrically connect 55 tially back into the propellant manifold 31 . Other consider
extractor grid 47 to a source of electrical voltage . When
ations include the pressure in the microtubes 19 and the
thruster 13 is operated in the electric mode , power is preheat temperature of the microtubes . The decomposing
supplied to extractor bias rod 53 and to create a potential monopropellant will generate gaseous combustion products ,
difference between the extractor grid and the tube cluster 25 . and, if the flow rate is too high , it may burst the microtube .
Electrospray is initiated when propellant reaches the end of 60 Lower thruster preheat temperatures are more desirable from
the microtubes 17 and the droplets and ions are discharged , a concept of operations standpoint. These considerations
as shown in FIG . 3 . The tube cluster 25 could also be biased

through emitter bias rod 43, butmay not be required . When

thruster 13 is operated in its chemical mode, rod 43 and

another electrical connection point (not shown ) at the top of 65

define a so - called ' startbox ' for the thruster, as illustrated in

FIG . 7, which is the set of all flow rates and preheat

temperatures required to operate the thruster.

A minimum flow rate , or 'burnback limit ', has been

the housing plates is energized so as to resistively preheat

established , based on empirical data from strand burner

microtubes 19 of microthrusters in cluster 25 to a preheat

experiments . Given the linear burn rate of the propellant as
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a function pressure , the minimum flow rate required to
prevent the monopropellant from burning back into manifold 31 can be calculated and is a function of the tube inner
diameter. The maximum flow rate that does not cause

electric field so that as said liquid monopropellant flows
through each microtube at a second flowrate less than said
first flowrate, ions and charged droplets discharged from
each microtube are accelerated so as to yield a relatively

eous products is frictionally choked in the microtube 19 . The
lower preheat temperature limit is calculated by using an

2 . The electrical/chemical thruster as set forth in claim 1
wherein said liquid monopropellant comprises a mixture of

reactor model to determine the tube temperature required to
ignite the monopropellant before reaching the end of the

oxidizer is an ionic liquid .
3 . The electrical/chemical thruster as set forth in claim 2

overpressure of the tube is calculated through chemical 5 high specific impulse as compared to operation of each
equilibrium calculations and by assuming the flow of gas - microtube when operated in the chemical mode.

experimentally determined reaction rate and the thermal one or more nonvolatile fuels and an oxidizer, wherein at
conductivity properties of the propellant in a plug flow 10 least one of said one or more nonvolatile fuels and the

microtube 19 . Finally , the upper preheat temperature limit is

wherein said liquid monopropellant has a fuel/oxidizer mix

a spacecraft operational consideration rather than a physical

ture ratio such that solid carbon forms are oxidized after

upper limit . It is desirable to operate at as low of a preheat 15 chemical decomposition .

temperature as possible to reduce the time and / or power
4 . The electrical/chemical thruster as set forth in claim 2
wherein said liquid monopropellant comprises [Bmim ][NO
FIG . 7 shows one example a startbox calculation for . sub.3 ] and hydroxyl ammonium nitrate (HAN ).
platinum microtubes 19 having a 70 um inner diameter, and
5 . The electrical/chemical thruster as set forth in claim 2
a 30 mm length , using [ Emim ][ EtSO4 )/HAN monopropel- 20 wherein said liquid monopropellant comprises [ Emim ][ Et

required to warm up the thruster .

lant. The burnback limit was determined from previous

SO .sub .4 ] and hydroxyl ammonium nitrate (HAN ) .

linear burn rate experiments . The high flow limit was

6 . The electrical/chemical thruster as set forth in claim 3

the strength limit of the tube. The lower preheat temperature
limit was calculated using a plug flow reactor model with
constant wall temperature and single step Arrhenius reaction

wherein catalytic material is a catalytic metal.
8 . The electrical /chemical thruster as set forth in claim 7
wherein each microtube, when operated in the chemical

calculated using the CEA program for the exhaust gas wherein each microtube is a capillary emitter having an
properties and assuming choked flow . The pressure limit in
inner diameter of 100 .mu.m , plus or minus 50 % , and having
this case was selected to be 200 psia , and is a design choice 25 a length of 30 mm ., plus or minus 50 % .
to lessen requirements on feed system pressure rather than
7 . The electrical/ chemical thruster as set forth in claim 6

rate determined empirically from previous experiments . The 30 mode, is heated to said preheat temperature by an electric

upper preheat temperature limit is simply selected as 340°

current.

also be found through experimental verification or simply

minus 10 .mu. L / sec /microtube such that each microtube will

C ., which is a typical preheat temperature for ionic liquid
9 . The electrical/ chemical thruster as set forth in claim 8
monopropellant thrusters . In order to operate the thruster, wherein said preheat temperature is 300 .degree . C ., plus or
flow conditions in all of the tubes in the array cluster must minus 50 . degree . C .
fall within a box bounded by these curves , as shown in FIG . 35 10 . The electrical/ chemical thruster as set forth in claim 8 ,
7 . Obviously , the models used to calculate these curves can
wherein said first flowrate when each microtube is operated
be increased in fidelity or further refined . The startbox could
in the chemical mode is 20 .mu.L / second /microtube, plus or
trial and error. Those skilled in the art will also recognize
generate a thrust of 50 .mu.N , plus or minus 50 % .
that other such startboxes can be determined for microtubes 40 11 . The electrical/chemical thruster as set forth in claim 8 ,
having different internal diameters and lengths.
wherein said second flowrate when said microtube is oper
As various changes could be made to the above construc ated in the electrospray mode is 3 PL / second /microtube, plus

tions and embodiments without departing from the broad
scope of this disclosure, it is intended that all matter con tained in the above description or shown in the accompa nying drawings be interpreted in as illustrative and not in a
limiting sense.
What is claimed is :

or minus 1 pL / second /microtube , and wherein when so

operated in the electrospray mode each said microtube
45 generates a specific impulse of 800 seconds, plus or minus
90 % .
12 . The electrical/ chemical thruster as set forth in claim 7
further comprising additional microthrusters .

1 . An electrical/chemical thruster for a spacecraft oper 13 . The electrical/ chemical thruster as set forth in claim 1
able in a chemical mode and in an electrospray mode that 50 wherein said electrical/ chemical thruster is supplied with

utilizes a liquid monopropellant for operation in both of said
chemical mode and said electrospray mode , said electrical/

said liquid monopropellant from a monopropellant tank, and
wherein said electrical/chemical thruster has a propellant

chemical thruster having a plurality of microthrusters , each

manifold in communication with said monopropellant tank ,

microthruster of said plurality ofmicrothrusters comprising

said propellant manifold containing the supply of said liquid

a microtube having a bore therethrough and having an inlet 55 monopropellant so that when said electrical/ chemical

end and an outlet end with each inlet end being in commu -

thruster is actuated , said liquid monopropellant is supplied

nication with a supply of said liquid monopropellant, each
microtube comprising a catalytic material capable of being
heated to a preheat temperature sufficient to decompose said

to each inlet end such that liquid monopropellant flows
through substantially all of said microthrusters at said first
flowrate when operated in said chemical mode .

therethrough at a first flowrate so as to generate relatively

wherein said first flowrate is sufficiently low to initiate

mode with said extractor being energized to produce an

wherein said monopropellant flows through substantially all

liquid monopropellant as said liquid monopropellant flows 60

high thrust when operated in said chemical mode as com pared to when operated in said electrospray mode, and
wherein said electrical/ chemical thruster further includes an
extractor proximate each outlet end , whereby when said 65
electrical/ chemical thruster is operated in said electrospray

14 . The electrical/chemical thruster as set forth in claim 1

decomposition of the monopropellant prior to exiting the
end of the emitter, and wherein said first flow rate is
sufficiently high to prevent the reaction front from propa
gating back into said supply of said liquid monopropellant.
15 . The electrical/ chemical thruster as set forth in claim 1
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of said plurality of microthrusters at said second flowrate

14

for heating each microtube when said at least one thruster is

operated in said chemicalmode to a temperature sufficient to
when operated in said electrospray mode .
initiate chemical decomposition of said monopropellant and
16 . A thruster for use in a spacecraft propulsion system where
said first flowrate of said monopropellant through
that is operable in a chemical mode and in an electrospray 5 each microtube
sufficient to allow ignition of said mono
mode and that utilizes a liquid monopropellant for operation 5 propellant in eachismicrotube
prevents propagation of the
in both the chemical mode the electrospray mode , said chemical decomposition ofbutsaid
monopropellant back
thruster having a plurality of microthrusters, each micro through
at
least
one
microtube
to
thruster of said plurality of microthruster comprising a supply, and for operation of said at leastsaidonemonopropellant
thruster in the
microtube
having a bore therethrough and having an inlet
end and an outlet end with said inlet end being in commu- 10 electrospray mode where, each microtube is energized to
nication with a supply of said liquid monopropellant, each operate as an emitter, said thruster having an extractor
microtube comprising a catalytic metal that is capable of proximate each outlet end that may be energized by an
electric source when said at least one thruster is operated in
being heated to a preheat temperature sufficient to decom
said electrospray mode so as to accelerate ions discharged
pose said liquid monopropellant in each microtube as said
liquid monopropellant flows therethrough at a first flowrate 15 from each outlet end , where the flowrate of said monopro
so as to generate relatively high thrust when operated in the

chemicalmode as compared to when operated in the elec
trospray mode , and wherein said thruster further includes an
extractor downstream of the outlet end of each microtube ,

which , when said thruster is operated in the electrospray 2020

mode , is energized to produce an electric field such that as
said liquid monopropellant flows through each microtube at

pellant when said at least one thruster is operated in the

electrospray mode significantly lower than the flowrate

when said at least one thruster is operated in the chemical
mode .
21. An electrical/chemical spacecraft propulsion method
utilizing a liquid monopropellant comprising one or more

fuels and an oxidizer for operation in both an electrospray

and a chemical mode , said method comprising the
a second flowrate less than said first flowrate so ions and mode
steps
of
said liquid monopropellant from a
droplets discharged from each microtube are accelerated soto 25 plurality ofdischarging
microtubes
to be emitters in an electric
as to yield a relatively high specific impulse as compared to 25 pfield
! for generating a energized
relatively high specific impulse as
operation of each microtube in the chemical mode .
compared when said plurality microtubes are operated in
17 . The thruster as set forth in claim 16 wherein said
said chemical mode , or preheating said plurality of micro
liquid monopropellant comprises a mixture of one or more

tubes and chemically reacting said monopropellant in said
nonvolatile fuels and an oxidizer, wherein at least one of saidic 30 plurality
of microtubes as said liquid monopropellant flows
one or more nonvolatile fuels and the oxidizer is an ionic 30 therethrough
pm
for generating relatively high thrust as com
liquid .
pared
when
said
ofmicrotubes are operated in said
id
par
18 . The thruster as set forth in claim 17 wherein said electrospray modeplurality
.
liquid monopropellant comprises [Bmim ][NO .sub . 3 ] and
22 . The electrical/ chemical spacecraft propulsion method
hydroxyl ammonium nitrate (HAN ) .

claim 21 further comprising the steps of providing said
19 . The thruster as set forth in claim 17 wherein saidid 3535 of
01plurality
of said microtubes in a thruster , wherein each
liquid monopropellant comprises [Emim ][EtSO .sub .4 ] and microtube
of said plurality of microtubes has an inlet end
hydroxyl ammonium nitrate (HAN ) .
outlet end .
20 . A multimode propulsion system for a spacecraft that and23an. The
electrical/chemical spacecraft propulsion method
may be operated in a chemical mode and in an electrospray

of claim 22 further comprising the steps of supplying said
mode using the samemonopropellant, said multimode pro - 4040 liquid
monopropellant to each the inlet end at a first flowrate
pulsion system having at least one thruster having a plurality
of microthrusters , each microthruster of said plurality of

microthrusters comprising a microtube of a suitable catalytic
neter of
therethrough , with the bore having an internal diameter
of 4545
100 .mu.m , plus or minus 50 % , said microtube having a

for chemical operation of said thruster and at a second
flowrate for electrospray operation of said thruster, where

metal and having an inlet end and outlet end with a bore

said first flow rate is 10 .mu.L / sec /emitter, plus or minus 5
mu .L / sec /[microtube ], and where said second flowrate is 1
pL1 /sec /emitter, plus or minus 0 .9 pL / sec/[microtube ], and

system for supplying said monopropellant from a monopro

emitters has a specific impulse of 180 seconds, plus or minus

length of 30 mm ., plus or minus 50 % , a monopropellant

when operated in said chemical mode each emitter of said

50 % and a thrust of 50 .mu. N , plus orminus 50 % , and when
pellant supply to each inlet end at a first flowrate for
operation of said plurality of microthrusters in either said 50 operated in the electrospray mode each emitter of said
emitters has a specific impulse of 800 seconds, plus orminus
chemicalmode or at a second flowrate for operation of said
50 % .
plurality of microthrusters in said electrospray mode , said
first flowrate being greater than said second flowrate , means

